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A differentially pumped windowless 2°Ne gas target was used to measure angle averaged excitation func-
tions for binary decay of the 28Si+2°Ne reaction into low-lying states of 23Si+%’Ne, **Mg+2*Mg, and
3234160, and for binary decay of the **Mg+2Ne reaction into low-lying states of 2*Mg+2Ne and
281+ 10. The 28Si+2°Ne measurements span the region of excitation energy in **Cr from 50.6 to 67.7 MeV
(*Si beam energies from 87.2 to 128.2 MeV). The reaction 2*Mg+?’Ne was investigated over a region in
“Ti from 48.75 to 71.0 MeV (**Mg beam energies from 70.8 to 119.75 MeV). Angular distribution measure-
ments were made for °Ne(*8Si,*Mg)**Mg at excitation energy=56.22 MeV and for 2°Ne(*Mg,'°0)28Si at
excitation energy=>53.02 and 57.75 MeV. Both systems display evidence of statistically significant correlated
resonance phenomena, but the resonances are dominated by spins comparable to the grazing angular momenta
of the respective entrance channels, and are not analogs of the molecular configurations that dominate the

XMg(**Mg, *Mg*)**Mg* reactions.

PACS number(s): 25.70.Ef, 25.70.Hi

L. INTRODUCTION

One of the most striking results to emerge from studies of
the elastic and inelastic scattering of s-d shell nuclei are the
presence of pronounced and highly correlated resonances in
some of these systems. The first evidence of resonance be-
havior in the binary decay of a reaction between two s-d
shell nuclei for center of mass energies well above the Cou-
lomb barrier was in the 28Si+28Si system [1—4], in which
intermediate width (I'~150 keV) and wide (I'~few MeV)
structures were observed. Some of the intermediate width
structures are common to several of the decay channels into
low-lying excited states in 28Si, including the elastic channel.
The on-resonance elastic scattering angular distribution mea-
surements for center of mass angles near 90° are dominated
by partial waves comparable to the grazing angular momenta
of 28Si+28Si calculated by optical model potentials. Similar
resonances are found in the 28Si+2*Mg system [5].

The most strongly correlated structures found to date have
been observed in the 2*Mg+2*Mg system [6,7]. Not only are
they the most strongly correlated, but in this system the spins
of the resonances are four units of angular momentum larger
than grazing values based on optical model calculations for
two spherical *Mg nuclei [8,9]. A subsequent study of the
reaction *Mg(**Mg, °Ne*)?Si* [10] surveyed a 3 MeV
wide region of excitation energy, and gives some evidence
for decay into low-lying excitations of 28Si+2°Ne from the
structures seen in the elastic and inelastic scattering of
2Mg+2*Mg. For each resonance studied, these two binary
decay mass partitions account for approximately 20% of the
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total decay strength of an isolated Breit-Wigner resonance
[10], with the *Mg+2*Mg channel at least 5 times stronger
than the 28Si+2°Ne channel. In the current work a much
more detailed study of the 28Si+2°Ne reaction is presented to
determine if such a high level of correlation is typical
for the 8Si+2°Ne and *Mg+2*Mg mass partitions. Evi-
dence of correlated structure between several mass partitions
is not limited to composite nuclei with A =48, as, for
example, correlated structure between 28Si(?8Si, 28Si*)28Si*
and '°0(*0Ca,?8Si*)8Si* [11] has also been reported.

Of course it is impossible to fully understand these reso-
nances without understanding the reasons other systems do
not manifest similar phenomena. Previous investigations
have focused on 2Si+?°Si, %Si+3Si, and 3°Si+°Si [12],
and no evidence of correlated resonance structures was
found. A comparison of the neutron separation energies of
the composite nuclei [9] reveals that all those systems which
display resonance behavior have large neutron separation en-
ergies, and that this is a property unique to some of the even
N, even Z, N=Z so-called “alpha particle”” nuclei such as
“Cr and “Ti. It seems likely that for nuclei with small neu-
tron separation energies, high spin resonances will decay by
neutron evaporation, and the branching ratios into fission
channels will be unobserveably small, although this has not
been verified experimentally.

Studies done on the alpha particle nuclei systems “°Ca
+4Ca[12], 328+325 [13], and °Ne+2°Ne [14] also did not
show any correlated resonances. The results for the 2°Ne+
20Ne system are particularly surprising, as Beck ef al. [15]
used the number of open channels to study the observation of
resonances for systems ranging in size from '°0+'90 to
325+328, and concluded that 2°Ne+2°Ne is even more favor-
able than the 2*Mg+%*Mg system for manifesting pro-
nounced resonances.

Reaction models which reproduce the gross structures
seen in lighter systems, for example, '2C+'2C [16,17] and
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1604160 [18], such as the band crossing model [19,20], the
double resonance model [21-26], a coupled channels calcu-
lation [27], the barrier top model [28], the doorway state
model [29], and the Austin-Blair model [30], are unable to
generate the narrow correlated structures that dominate the
Z*Mg+2*Mg reaction. The *Mg+2*Mg excitation functions
appear to be dominated by the population of highly excited
compound states in 48Cr, and this experimental result has
prompted much theoretical work on the properties of s-d
shell nuclei at high spin and high excitation energy. These
nuclear structure models of “®Cr are as follows: a 16-
particle—8-hole (16p-8h) excitation in the Hartree-Fock
framework [31], a two-center shell model with a neck degree
of freedom [32], a molecular model which considers collec-
tive motions in terms of a rotating dinuclear system [33], an
alpha cluster model which uses a Brink-Boeker nucleon-
nucleon interaction [34], a combination of the molecular and
the two-center shell models [35,36], and a rotating liquid
drop model [8,9].

The Hartree-Fock model [31] reproduces fairly well the
spin versus excitation energy dependence of the resonances
in the 28Si+?8Si system, but it considerably overestimates
the energy spacing between adjacent resonances in the
2"Mg+2*Mg system, as well as the excitation energy in
“8Cr for each of the observed spins, which suggests that
these calculated states are different from the observed mo-
lecular configurations, and that the resonances in 2*Mg
+2*Mg have larger deformations than the model states. The
molecular model with macroscopic degrees of freedom [33]
predicts a local minimum in the potential energy surface for
pole-to-pole alignment of the 2*Mg nuclei. This configura-
tion corresponds to the largest possible moment of inertia for
two touching 2*Mg nuclei, and on that basis is a candidate
for being the yrast states in this region of high excitation
energy. This model is also used to calculate the partial widths
of the molecular configurations for decay into low-lying ex-
citations in the 2*Mg+2*Mg mass partition, and predicts a
large parentage of the elastic and low-lying inelastic chan-
nels for some of the configurations, in qualitative agreement
with the experimental partial widths. The molecular model
can easily account for the fragmentation of a single spin into
several resonances with the introduction of vibrational
modes of excitation to the collective motion. In fact, it pre-
dicts the existence of many more quasimolecular configura-
tions than are observed experimentally, but many of the pre-
dicted states have widths on the order of a few eV, and
therefore would be unobservable in resonance measure-
ments. Similar calculations of the partial widths for high spin
configurations in “Cr have been done using the two-center
shell framework [35], and here too the agreement with the
measured partial widths for symmetric binary decay is very
good. Not much theoretical work has been done on the par-
tial widths of the binary decay of the molecular resonances
into nonidentical nuclei such as decay from the high spin
configurations in “®Cr into 28Si+2°Ne. The alpha cluster
model [34] uses the Bloch-Brink cranked cluster formalism
to study highly deformed rotational bands with a 3-to-1 axis
ratio for several nuclei that are “doubly magic” at large de-
formation, such as '2C, 36Ar, and “*Cr. For “8Cr, these hy-
perdeformed states resemble a chain of three 'O nuclei,
which suggests that this rotational band would have substan-

tial branching ratios for decay into '°0+32S or %0+160
+180. The rotating liquid drop model [8,9] was used to cal-
culate the fission barriers, fission paths, and equilibrium
shapes for high spin states in “8Cr.

The models are consistent in that they suggest the prolate
deformation of the ground state of 2*Mg is crucial for the
population of these high spin molecular configurations, as
the shapes of the molecular configurations in “®Cr resemble
two 2*Mg nuclei aligned pole to pole along their major axis.
This supports the speculation that the phenomena that domi-
nates the 2*Mg+2*Mg system are ‘“‘shape matching” reso-
nances between the 2*Mg+2*Mg entrance channel and indi-
vidual high spin excited states in “3Cr. This discussion
indicates the *Mg+2°Ne system might be a good candidate
for manifesting resonance phenomena, as this reaction also
studies two alpha particle nuclei with large ground state pro-
late deformation. In addition, the ?*Mg+2°Ne system is in-
teresting since it is a mass asymmetric entrance channel,
which could provide insight about the importance of the
mass symmetry on the shape matching. In this work we
present a major study of the *Mg+2’Ne system.

The cross sections for 28Si+2°Ne were measured over a
region of excitation energy in “*Cr from 50.6 to 67.7 MeV
(c.m. energies from 36.3 to 53.4 MeV), which spans the
region from 1.5 to 2.1 times the Coulomb barrier for two
spherical mass-24 nuclei. The reaction **Mg+2°Ne was in-
vestigated over a region of excitation energy in *Ti from
48.75 to 71.0 MeV (c.m. energies from 32.2 to 54.4 MeV),
which spans the region from 1.6 to 2.4 times the Coulomb
barrier for a spherical mass-24 and mass-20 nucleus. Statis-
tical analysis techniques will be used to quantify the degree
of correlated resonance structure in the 28Si+2’Ne and
2*Mg+?°Ne systems. Angular distributions were measured
for each reaction, and spin assignments from the angular
distributions are used to determine the spins of the reso-
nances and their relation to the grazing angular momenta of
the entrance and exit channels. Both experiments used the
differentially pumped windowless 2°Ne gas target that was
recently built at the University of Pennsylvania Tandem Ac-
celerator Laboratory.

II. EXPERIMENTAL METHOD

The 8Si and ?*Mg beams were provided by the Univer-
sity of Pennsylvania Tandem Accelerator at the University of
Pennsylvania, Philadelphia, Pennsylvania, and the Wright
Nuclear Structure Laboratory at Yale University, New Ha-
ven, Connecticut. The Wright Nuclear Structure Laboratory
accelerator was used to measure the cross sections for beam
energies larger than those easily produced by the University
of Pennsylvania Tandem Accelerator. Measurements over a
small energy region were carried out at both facilities to
obtain an accurate relative calibration of the two accelera-
tors, and an absolute calibration [37] of the University of
Pennsylvania Accelerator was done using an 1 keV wide
J™=2" resonance in the '>C(p,y) reaction. The calibrations
revealed that the actual University of Pennsylvania Tandem
beam energies were 0.563% higher than the nominal value,
while the Yale energies were too high by 2.47%. The cor-
rected beam energies were used for playback of the data. For
both the ?*Mg and 28Si beams the excitation functions were
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FIG. 1. 2Si+?°Ne mass partitions and Q spectra.

measured in 200 keV steps in the laboratory system, which
translates to 90.9 keV and 83.3 keV in the center of mass
system, respectively. Typical runs took from 1 to 2 h for each
beam energy. The angular distribution runs were much
longer, 1.5 to 2 days each.

The °Ne gas target used in this work has been described
elsewhere [14,37], and a detailed discussion of the target will
be presented in a future publication. The thickness of the
target was 11 pg/cm?, which corresponds to an energy loss
of roughly 50 keV for these beams and beam energies. Two
(2.0 cm)X (4.0 cm) heavy ion surface barrier detectors were
positioned on either side of the beam at +=40°, and we stud-
ied coincidence events in which each detector was struck by
one decay fragment. From the time of flight difference of the
two decay fragments, as well as their energies, we were able
to reconstruct the masses of the two fragments, which mass
struck which detector, the Q value of the reaction, and for
the angular distribution measurements, the value of the cen-
ter of mass angle 6_,, . The mass partitions that dominate
each reaction, as well as the QO spectra for the strongest mass
partitions, are shown in Figs. 1 and 2 for the 2Si+2°Ne and
24Mg+2"Ne reactions, respectively. Only events in which the
sum of the two energy signals corresponded to a Q value
greater than approximately —30 MeV were included in the
time of flight mass partition figures, where DT is the calcu-
lated time of flight difference of the two fragments. This
restriction excluded many-body decays in which only two of
the fragments struck the detectors. The resolution of the time
of flight difference is typically 600 ps full width at half maxi-
mum (FWHM), and the energy resolution of the elastic peaks
is typically 500 keV (FWHM). The peaks labeled by the
vertical arrows in Figs. 1(b)—-1(d) and Figs. 2(b) and 2(c) are
the focus of the statistical analysis of correlated resonance
phenonema. The counts in these peaks were summed, and
after proper normalization, plotted as a function of excitation
energy in the composite nucleus. The absolute cross sections
for each measurement were calculated by recording the inte-
grated charge of the beam in a Faraday cup postioned down-
stream of the 2Ne target area, and by monitoring the pres-
sure of the ?°Ne gas in the target region with a pressure

DT (Channels) Q Value (MeV)

FIG. 2. **Mg+%Ne mass partitions and Q spectra.

transducer. There is a 500 pg/cm? nickel foil downstream of
the 2°Ne target area, which ensures the vast majority of beam
nuclei will be fully stripped of orbiting electrons before en-
tering the Faraday cup. The solid angle of the recoil coinci-
dence for each mass partition was calculated using a Monte
Carlo technique [37], as the spatial extent of the gas target
over 1 cm in length makes it difficult to calculate the solid
angle directly. The simulated solid angles reflect the differ-
ences in the detection efficiencies for these two-body decay
channels due to the fixed detector geometry.

III. ANALYSIS TECHNIQUES

It has been understood for some time that the presence of
structures in an excitation function does not prove that a
compound nuclear state has been populated. Ericson showed
[38] that in the region of excitation energy in the compound
nucleus for which there are many overlapping levels (such as
in the current work), the so-called statistical fluctuations in
the cross sections can result in structures in the excitation
functions, but that different structures are present in each exit
channel.

The statistical analysis in the current work is based on the
energy-dependent function Y x(E) defined by

ox(E)

B By W
where og(E) is the cross section for the Kth reaction at
center of mass energy E, and (ox(E)) is a local square
average over an energy region A from E;=F—A/2 to E;
=E+ A/2 of the cross section ox(E;). The frequency distri-
bution P(Yg) of Yx(E) [39-41] is given by

P(Yg)= Nk ﬁ} (e exp[ - N——-————K( e+ YDk)}
K1 =Ype| Yr (1=Ypy)
2N(Y Y pp) '
>< —_—
INKfl (I_YDk) (2)

The expression for P(Yg) in Eq. (2) is a complicated func-
tion of N, the number of independent channels in the reac-
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tion, Y pi, the nonfluctuating direct component to the aver-
age cross section, and Iy, the modified Bessel function of
order N. The frequency distribution will vary from reaction
to reaction due to the dependence of P(Y g) on the values of
Nk, Ypi, and Iy, which are not universal quantities, but
specific parametrizations for each reaction. A common tech-
nique to study simultaneously the resonance behavior of
many reactions is to use a frequency distribution function
P(D;), where the deviation function D,(E) is defined as

_ Y(E)-(¥)
REDEGH

and (( )) denotes an average over the entire energy range of
the excitation function. This is a useful definition of the de-
viation function since the frequency distribution of D;(E) is
nearly Gaussian in shape with a mean and standard deviation
of 0 and 1, respectively, for all reactions regardless of the
values of Ng, Yp;, and Iy in P(Yg). The discrepancies
from a Gaussian distribution [4] are significant only for very
large positive and negative values of D;(E).
The summed deviation function is defined by

D(E) 3)

1 N
AE)=5 2, Di(E), @)

where N is the number of excitation functions included in the
summation. The probabilty distribution P(%)) for statistical
fluctuations has been shown [4] to be very close to that ob-
tained from treating the D,;’s as independent functions; the

mean u of P(2) is then 0 and the variance o2 is given by
1 & 1
PP =57 2 o= &)

To isolate instances in which several of the reactions have
concurrent positive values of Z(FE), the cross-correlation
function C(FE) is used, which is defined as

N
NN=T) 122, DUEIDS(E). (6)

C(E)=
The cross-correlation function sums over all pairs of prod-
ucts of the individual deviation functions. By combining the
results of Z(E) and C(E), it is possible to isolate the in-
stances in which all or many of the exit channels have reso-
nances in their excitation functions, as these are the only
cases for which both Z(E) and C(E) will have large posi-
tive values.

Calculating the probability density P(C) is not trivial, as
C(E) is a sum of products of pairs. The terms in the sum-
mation of Eq. (6) cannot be treated separately as was done
for Z(E). However, the probability densities for D;(E) are
known, and therefore P(C) can be estimated using the
Monte Carlo technique. Much work has already appeared in
the literature [4,10,11] that has performed Monte Carlo cal-
culations, and a comparison of those results makes it pos-
sible to derive a functional representation of the variance of
C(E) on the number of terms »n included in the summation.

Based on these simulations the variance of the statistical
fluctuations in C(FE) can be expressed to within 1% accuracy
by

) 1
[P(C)]=—, )
where 7 is the number of terms in the summation in Eq. (6).
For a cross-correlation analysis that considers all possible
pairs of N excitation functions, the functional form of the
standard deviation of the frequency distribution of C(E) us-
ing Eq. (7) can be expressed as a function of N by

N Ml_. 2
UU’(Q]-;—m- (8

The Monte Carlo simulations only consider values of n rang-
ing from n=3 to 10, and therefore this functional represen-
tation should only be considered valid for the same interval.
In this work we use the approximation that the frequency
distribution P(C) is a Gaussian distribution with a mean
=0.0 and a standard deviation given by Eq. (8).

The above discussion considers the probablity distribution
P(C) which is produced by the probablity distributions
P(D) of the deviation functions in Eq. (6). There is also an
experimental uncertainty for both C(E) and D(E) which is
due to the finite range of data (the uncertainty related to the
sample size) [42]. This uncertainty is ignored in the current
work.

The autocorrelation function [7] is used to determine the
appropriate averaging interval A for the excitation functions
of interest. The autocorrelation function R(e=0) for a given
reaction channel og(FE) is defined by

{YR(E))) 1
{Yg(E))*

This expression uses the definition for Y x(E) given in Eq.
(1), and the {{ )) denote an averaging over the entire energy
range of the excitation function. The standard convention is
to plot R(0) as a function of the averaging interval A, and
use the smallest value of A at which R(0) begins to level off
and forms a plateau. This assumes that there are two scales
of widths in the excitation function I'gpe and I' ;.. The
plateau region corresponds to an averaging interval A such
that I'gp <A <T o5

R(0)= ©

IV. RESULTS AND ANALYSIS FOR 2Si+2°Ne

Figure 3 shows the autocorrelation function R(0) as a
function of the averaging interval A for the mutual ground
state exit channel of each mass partition. The autocorrelation
functions are similar and all three have reached a plateau for
values of A of 1.5 MeV. The **Mg+%*Mg and ?%Si+?'Ne
functions actually level off at smaller values of A, around
1.2 MeV, while the 32S+ 0 function levels off more gradu-
ally. However, for A=1.2 MeV the *2S+!0 autocorrelation
function is very near its plateau value, so A=1.2 MeV will
be used as the averaging interval for all three mass partitions.
The results of the statistical analysis are not very sensitive to
the specific value of the averaging interval, as long as it is
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FIG. 3. Autocorrelation functions for the ground-state—ground-
state exit channel of each mass partition studied in the 28Si-+2°Ne
system.

near or within the plateau region. The excitation functions
used for this analysis are plotted later in this section.

The excitation functions for the 2*Mg+2*Mg mass parti-
tion are plotted in Fig. 4. These reactions share the same exit
channels as were studied in 2*Mg(**Mg, >*Mg*)**Mg* [6],
and therefore are the most likely ones to exhibit resonance
behavior at the energies of the molecular configurations. It is
immediately apparent that there is a great deal of structure in
all five excitation functions. However, in contrast to the re-
sults for 2*Mg(**Mg, 2*Mg*)?*Mg* [6], there are no instances
of several excitation functions displaying identical resonance
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FIG. 4. Excitation functions for the 2*Mg-+2*Mg mass partition
exit channels. The (0%,0") excitation function is averaged over the
angle range 68° < 6., < 112°. The x axis is labeled with the
excitation energy in *3Cr at the bottom and with the entrance chan-
nel center of mass energy on top.
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FIG. 5. (a) Sum of the excitation functions shown in Fig. 4, (b)
summed deviation function, (c) cross-correlation function. The ver-
tical arrows indicate the centroid energies for the molecular con-
figurations [6], and the spin assignments are also listed.

behavior, and the resonances in these excitation functions are
qualitatively more similar to the behavior observed in the
283i+28Si [4] and 28Si+2*Mg [5] systems. The widths of the
structures in the current work are similar to those seen in
Mg (**Mg, *Mg*)**Mg* [6], ranging from a few hundred
keV, such as the peak in the (07,0%) channel centered at
excitation energy=56.2 MeV, up to roughly 1 MeV, such as
the peak centered at 58.25 MeV in the (2%,2%) channel.
The cross-correlation and summed deviation functions,
using all possible pairs of the five excitation functions and all
five excitation functions, respectively, are shown in Fig. 5,
along with the excitation energy-dependent sum of the cross
sections of the five exit channels. The dashed horizontal lines
represent the 95% confidence limits for statistical fluctua-
tions using Gaussian distributions. There are some instances
of statistically significant correlated resonance structure,
such as at 56.2 MeV, in which both the cross-correlation and
summed deviation functions exceed the 95% confidence lim-
its, and the summed excitation functions cross section has a
peak. The vertical arrows in Fig. 5 denote the centroid ener-
gies of the molecular configurations observed in
“Mg(**Mg, #*Mg*)**Mg* [6]; the spin assignments [8] are
indicated in Fig. 5(a). Although there are a few instances of
correlated resonances at approximately the same energies as
the molecular resonances, such as at 62.1 and 65.65 MeV, the
correlations are not as strong as they were for the elastic and
inelastic scattering of *Mg+2*Mg [7], and decay from the
molecular resonances in “°Cr is not the dominant reaction
mechanism for the 2°Ne(?8Si, 2Mg*)**Mg* reactions. Except
for the (0%,0%) and (2%,2%) exit channels, odd partial
waves are not forbidden in these reactions, and it is possible
that their presence is obscuring decay from the molecular
configurations in “®Cr. However, even if this were the case,
the branching ratios would still be small since they are pres-
ently unobservable. The fact the 28Si+?°Ne and **Mg
+ ?*Mg entrance channels are angular momentum matched
[37] suggests that microscopic considerations play an impor-
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tant role, and that strong shape matching between the 2*Mg
+2*Mg channel and the molecular configurations greatly in-
crease the branching ratios for decay into low-lying excited
states of >*Mg+2*Mg.

The excitation functions for the 28Si+2°Ne mass partition
are shown in Fig. 6. The structures in this mass partition
have widths similar to those seen in Fig. 4. The functional
analysis for these five excitation functions is shown in Fig. 7.
Except for a correlated resonance at 56.2 MeV, the two mass
partitions do not have resonance structures in common.
There is no evidence of resonance structures in the 28Si+
20Ne mass partition at the energies of the molecular configu-
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rations (the value of the positive cross-correlation function at
excitation energy=60.75 MeV corresponds to a minimum in
the summed excitation function).

The excitation functions for the 32S+'°0 mass partition
are shown in Fig. 8. The most pronounced structures are
present in the lower halves of the excitation functions, below
the energies of the known molecular configurations. The
cross sections for this mass partition are very small: typically
1/30th the strength of the 22Si+2°Ne exit channels, and 1/6th
the strength of the 2*Mg+2*Mg exit channels. There is a
resonance in the (0%,0") channel in the vicinity of 56.2
MeV, so all three mass partitions manifest resonance activity
at this energy, although the structure in the 32S+ '°0O mass
partition is centered at a slightly lower energy and is wider
than the structures in the other two mass partitions, and
therefore it is not certain that this decay is from the same
resonance. The statistical analysis functions for the 32S+
160 mass partition are shown in Fig. 9. There is little reso-
nance activity at the higher excitations in “®Cr, there exist no
systematic similarities between the cross-correlation func-
tions of 32S+160 and the other two mass mass partitions, nor
is there any evidence of correlated resonance structures at the
energies of the molecular configurations in “3Cr.

The frequency distribution histograms of the statistical
analysis functions are shown in Fig. 10 for these three mass
partitions. Also plotted with a solid line for each distribution
is the appropriate Gaussian distribution for purely statistical
fluctuations. For all three mass partitions the cross-
correlation frequency distribution N(C) displays more inci-
dents of large positive values than the Gaussian distribution
would predict. This indicates that there exists a statistically
significant excess of large positive values of the cross-
correlation function. The summed deviation function fre-
quency distributions N(ZJ) are more symmetric about zero,
but all three have a slight excess of large positive and nega-
tive values. The fact that the summed deviation function is
symmetric about zero does not rule out the existence of cor-
related resonance structure, as a correlated resonance is often
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enclosed by regions of excitation energy that have negative
deviation values. Therefore it is not unusual to observe com-
parable amounts of large positive and negative values of the
deviation function for a given set of correlated resonances.
The results of the frequency distributions are summarized in
Table I, which also includes the expected means and standard
deviations for statistical fluctuations, as well as the results
from earlier studies of the 2*Mg(**Mg,**Mg*)**Mg* [37]
and the 28Si(*Si,*Si*)*Si* [4] reactions. The three
mass partitions investigated in the current work are
more similar to the 28Si(*®Si,%8Si*)?8Si* than to the
HMg(*Mg, *Mg*)*Mg*  results. The  **Mg(**Mg,
Mg*)**Mg* cross-correlation frequency distribution has
the largest variance (crgxpt) and mean (M ¢p), and such a
large asymmetry suggests correlated resonance structure at a
level much greater than could ever be randomly generated
from purely statistical fluctuations in a reasonable amount of
time, whereas the 28Si(?3Si, 2851*)28Si* result suggests corre-
lated structure at a level weaker than the correlations in
HMg(**Mg, **Mg*)**Mg*, as do the results from the current
work.

The structures at excitation energy=56.2 MeV are among
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the most strongly correlated resonances in the current work,
since all three mass partitions manifest resonance phenom-
ena at this energy. In addition, the resonance in 2°Ne(*3Si,
ZMg(g.s.))**Mg(g.s.) at 56.2 MeV plotted in Fig. 4 has a
large signal-to-background ratio, therefore an angular distri-
bution of this reaction was measured and is shown in Fig. 11.
Since the signal-to-background ratio is so large for this reso-
nance, the resonating partial wave (assuming a single partial
wave is resonating) accounts for the vast majority of the total
cross section at this excitation energy, and the angular distri-
bution is dominated by the angle dependence of this partial
wave. The results of fits to single Legendre polynomials are
summarized in Table II, and from these we tentatively assign
a spin of J7=32" to this resonance. In the following discus-

TABLE I. Summary of frequency distributions for the 28Si+2°Ne system.

Reaction N Function

2

szpl T theor lu'expt Miheor
Mg+ Mg 5 C(E) 0.1913 0.1 0.1826 0
HMg* + 24 Mg 5 9AE) 0.3461 0.2 4.385x 1077 0
28Gj* +20Ne* 5 C(E) 0.2439 0.1 0.2067 0
28 +20Ne* 5 GAE) 0.2060 0.2 —2.907%x 1077 0
32g% 4 160* 4 C(E) 0.2818 0.16 0.1687 0
2G4 160* 4 YE) 0.3765 0.25 —8.524%x 1077 0
HMg(*Mg, PMg*) Mg 5 C(E) 0.8793 0.1 0.4230 0
HMg(*Mg, Mg*) Mg 5 Y(E) 0.5386 0.2 5.897%x1077 0
288i(%851, 2881%) 28 * 5 C(E) 0.470 0.1 0.027 0
285i(?8s1, 288i*)?8Si* 5 E) 0.429 0.2 —0.005 0
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FIG. 11. Angular distribution at 56.22 MeV for the 2ONe(ZXSi,
2*Mg(g.s.))**Mg(g.s.) reaction. Also plotted are the squares of two
Legendre polynomials: L =32 (solid line), L= 34 (dashed line).

sion we assume that all resonances centered at this excitation
energy are dominated by J7=32".

The partial widths of the various binary decay channels
that manifest resonance behavior at 56.2 MeV of excitation
were calculated with the Breit-Wigner formalism for the on-
resonance cross section, using the assumptions that the on-
resonance contribution to the cross section is added incoher-
ently to the off-resonance cross section and is dominated by
Ores(Ocm) ~ P3[cos(b. )] The Breit-Wigner partial widths
are used to compare the measured reduced widths y? with
the Wigner single particle limit yép. For the 8Si+%'Ne,
2Mg+2*Mg, and 32S+'90 channels the single particle limit
is 71, 69, and 78 keV, respectively. The reduced widths for
the inelastic channels were calculated assuming the stretched
configuration of the spins, [=32—S§, where S=S5,+ S, is the
sum of the intrinsic spins of the decay fragments. The Cou-
lomb functions were calculated with ABACUS [43] and
MATHEMATICA [44].

The so-obtained resonance parameters for the structures
centered at 56.2 MeV are presented in Table III. Quite sur-
prisingly, the branching ratio for decay into the elastic chan-
nel is equal to the branching ratio for decay to the mutual
ground state of the alpha transfer channel 2*Mg+2*Mg. This
is very different behavior from the molecular resonances pre-
viously studied, in which fission into the symmetric mass
mutual ground state binary decay channel is at least 5 times
larger than the asymmetric mutual ground state channel. The
sum of the branching ratios for the J"=32" resonance is
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TABLE II. Summary of fits to the 2°Ne(**Si,2*Mg)?*Mg angular
distribution.

Excitation

energy in “Cr (MeV) Legendre polynomial ~ Reduced x?
56.22 28 44.89
56.22 30 13.72
56.22 32 4.61
56.22 34 8.80
56.22 36 14.00

comparable to the summed branching ratios in the binary
fission of the previously studied molecular resonances, but is
more evenly distributed between the 2*Mg+2*Mg and
28Si+2Ne mass partitions. The reduced width ratios
v/ v4p are larger than the reduced width ratios for the J™
=36" resonances [10]. There even exists evidence of decay
into the highly asymmetric 32S+'%0 channel with a strength
comparable to the decay of the molecular resonances into the
2851 +2Ne mass partition.

Such highly fragmented decay suggests that the structure
of the J™=32" resonance is very different from the molecu-
lar configurations, and that the structures found in the current
work are more complex and do not belong to the same rota-
tional band as the molecular configurations. Using the spac-
ings between the clusters of resonances in Fig. 5 as a refer-
ence, the energy region around 56 MeV would correspond to
a molecular configuration with spin J"=34". The spin as-
signment J"=32" is two units lower than this value. It is
tempting to speculate that the resonance manifests such frag-
mented decay because the spin is closer to the grazing angu-
lar momentum of all three mass partitions, and if the reso-
nance is not strongly shape matched with a particular
configuration in one of the mass partitions, then there exist
several decay channels that are able to supply the large an-
gular momentum needed for binary fission decay.

The mutual ground state exit channels for the three
mass partitions studied in the current work are plotted
again in Fig. 12, along with the elastic channel of the
Mg (**Mg, **Mg*)**Mg* reaction [6]. Also plotted is the
summed excitation function for the lowest two single excita-
tions of the first 2 state in the 28Si+2Ne inelastic channel.
The J™=32" spin assignment from the current work is indi-
cated in Fig. 12(c) (all spin assignments in parentheses are
based on angular distributions; those not in parentheses are
from angular correlation analysis). The energy interval

TABLE III. Exit channel parameters for the resonances centered at 56.2 MeV.

N . r, Yo 102
I' (keV) Mass partition Exit channel T 1072 _3P>< 10
350+35 288i+20Ne (0*,0™) 1.50 2.67
350+35 285i+20Ne (2*,0%) 3.00 4.14
350+ 35 XMg+2Mg (0*,0M) 1.50 3.30
350+ 35 XMg+2*Mg (2*,0%) 2.25 3.05
350+35 ZMg+2Mg @+,2M 6.03 4.95
350+35 328+190 0*,0M 0.07 0.08
Total - 14.35 -
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FIG. 12. A comparison of all reactions studied to date. Known
spin assignments for resonances are labeled.

marked by the horizontal arrows in Fig. 12(c) is the region
studied previously [10] with the time-reversed reaction. The
data in Fig. 12(a) plotted with a box symbol are previously
unpublished data using a 30 wg/cm? 2*Mg target on a 15
nglem? 2C backing, and a 2*Mg beam from the University
of Pennsylvania Tandem Accelerator.

A comparison of the cross sections in the **Mg(**Mg,
Mg(g.s.))**Mg(g.s.), PNe(*®si,*Mg(g.s.)) **Mg(g.s.), and
20Ne(*®si,2°Ne(g.s.))?Si(g.s.) reactions makes it possible to
determine if the few instances of concurrent resonance struc-
ture found in all three reactions is due to decay from excited
states in “3Cr. Using the first two reactions, the two relevant
partial widths have already been calculated for some of the
molecular resonances [10], and the partial widths for the
28Si+2°Ne mutual ground state exit channel can be used to
calculate the expected cross section in the 2°Ne(%Si,
20Ne(g.s.))*8Si(g.s.) reaction for decay from the molecular
resonances. Consider the J™=36" resonance centered at
62.25 MeV. For this resonance the branching ratios for the
2*Mg+2*Mg and the 28Si+?°Ne mutual ground state chan-
nels are 1.39% and 0.19%, respectively [10], and the contri-
bution from this resonance to the 28Si+2°Ne elastic channel
is approximately 0.4 wb/sr. The resonance contribution to the
cross section in the 28Si+2%Ne elastic channel [Fig. 12(e)] at
62.25 MeV of excitation is about 10 times larger than this
value. Therefore the correlation between the 28Si+2°Ne and
2*Mg+2*Mg elastic channels at this excitation energy is not
due to decay from a molecular resonance in **Cr, and it is
possible that different partial waves dominate these two elas-
tic channels. The same conclusion holds for the other in-
stances of concurrent correlated resonances in these three
reactions.

An earlier experiment [10] concluded that the molecular
configurations in **Cr did decay into the 28Si+2°Ne mass
partition. It is apparent now that the conclusion of substantial
systematic molecular configuration parentage which was
based on the small region of excitation energy studied was
not indicative of the systematics of the two systems. As the
current work illustrates, for the region of excitation energy
studied previously, the agreement between Figs. 12(a) and
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FIG. 13. Autocorrelation function for the ground-state—ground-
state exit channel of each mass partition studied in the Mg+
20Ne system.

12(c) is reasonable. However, the correlations do not con-
tinue at the same level of significance over the entire region
of excitation energy studied in the current work. The possi-
bility that the correlations reported previously [10] are acci-
dental cannot be ruled out.

V. RESULTS AND ANALYSIS FOR *Mg+%Ne

Figure 13 plots the autocorrelation function R(0) as a
function of the averaging interval A for the mutual ground
state exit channel for two mass partitions. The autocorrela-
tion function for the 2*Mg+2°Ne mass partition is smoothly
varying and reaches its plateau value gradually. The
288i+160 channel has a sharper bend in its autocorrelation
function, but both functions have a plateau near A=1.5 MeV.
For the 28Si+!%0 channel, any value of A greater than 0.9
MeV would be acceptable, but to be consistent a value of
A=1.2 MeV was used for all the statistical analysis included
in the current work. As was the case with the analysis of the
288i+2Ne system, the results of the statistical analysis are
not very sensitive to the actual value of A, as long as it is
near or within the plateau region. The excitation functions
used for this analysis are plotted later in this section.

The excitation functions for the 2*Mg+2°Ne mass parti-
tion are shown in Fig. 14. The most pronounced structures
are in the lower halves of the excitation functions; the upper
halves (corresponding to excitations in “*Ti greater than ap-
proximately 64 MeV) appear rather featureless. There is evi-
dence of pronounced correlated resonant structure for the
(2%,2%), (4%,0%), and (4%,2") exit channels, especially at
52.9 MeV of excitation. The widths of the structures are very
characteristic of the resonance widths seen previously in this
mass region.

The cross-correlation and summed deviation functions,
using all possible pairs of the five excitation functions and all
five excitation functions, respectively, are shown in Fig. 15.
The dashed horizontal lines represent the 95% confidence
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FIG. 14. Excitation functions for the *Mg+2°Ne mass partition.
The elastic channel is averaged over the angle range 77° < 6.,
< 120°. The x axis is labeled with the excitation energy in *Ti at
the bottom and with the entrance channel center of mass energy on
top.

limits for statistical fluctuations. Strong correlations exist at
52.9 and 66.9 MeV, weaker ones at 53.8, 60.9, and 62.05
MeV. Using the spacings between the resonances in
2Mg(**Mg, **Mg*)**Mg* as a reference, the spacings be-
tween the excitation energies of significant correlated reso-
nant structure are much too large for these resonances to be
attributed to consecutive spins of a molecular configuration
n “Ti.

The excitation functions for the 28Si+!°0 partition are
shown in Fig. 16. This mass partition has a very high density
of resonance phenomena, and there exist some energies, such
as at 53.2 MeV, for which the resonant structure is highly
correlated between the three exit channels. Structures as nar-
row as those seen in 2*Mg(**Mg, 2*Mg*)?*Mg* are observed
in Fig. 16, such as at excitation energy=53.2 and 56.7 MeV.
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FIG. 15. (a) Sum of the excitation functions shown in Fig. 14,
(b) summed deviation function, (c) cross-correlation function.
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At excitations in **Ti greater than approximately 66 MeV,
the resonance activity becomes much less pronounced. The
cross-correlation and summed deviation functions, using all
possible pairs of the three excitation functions and all three
excitation functions, respectively, are shown in Fig. 17. The
excitation energies of correlated structure in the 23Si+'°0
and 2*Mg+?°Ne mass partitions do not coincide.

Two on-resonance angular distributions for the mutual
ground state exit channel of the 28Si+'%0 mass partition for
excitation energy=53.02 and 57.75 MeV are shown in Fig.
18. Based on the fits to Legendre polynomials, which are
summarized in Table IV, the spin assignments are J"=25"
and J7=29" for 53.02 and 57.75 MeV, respectively, al-
though /=31 also yields a very good fit to the angular dis-
tribution at 57.75 MeV. Only odd partial waves were consid-
ered for each angular distribution. The resonance centered at
57.75 MeV is much better described by a single partial wave
than is the one at 53.02, which is near another resonance
centered at excitation energy=>52.6 MeV, and interference

AE,;,, = 1.2 MeV, **Ne(*Mg,'%0°)*si*
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FIG. 17. (a) Sum of the excitation functions shown in Fig.
(b) summed deviation function, (c) cross-correlation function.
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FIG. 18. Angular distributions for the (0*-0") channel of the
288i+160 mass partition for two excitation energies in **Ti. The
plotted curves represent squared Legendre polynomials of order la-
beled in the figures.

from the other peak may be complicating the behavior of the
angular distribution at 53.02 MeV.

The results of optical model calculations of grazing angu-
lar momenta using the parameters listed in Table V, which
are derived from fits to *Mg+2°Ne off-resonance elastic
scattering angular distributions [37], are indicated in Table
VI for the 2*Mg+2°Ne entrance channel, and for the time-
reversed reaction for the 28Si+!°0 mutual ground state exit
channel, for the excitation energies of the two on-resonance
angular distributions plotted in Fig. 18. The spin assignments
are roughly equal to the 2*Mg+2°Ne entrance channel val-
ues, and below the exit channel values. It is possible that the
larger grazing angular momenta in the 28Si+ %0 exit channel
is what makes the density of resonances so large, as there
might exist many states in the *Ti=28Sj*+160%* binary fis-
sion channels that can support the entrance channel spin.

The frequency distributions of the cross-correlation and

TABLE IV. Summary of fits to the 28Si+!'®O angular distribu-
tions.

Excitation energy

in “Ti (MeV) Legendre polynomial Reduced x?
53.02 21 27.69
53.02 23 16.05
53.02 } 25 9.80
53.02 27 25.34
53.02 29 33.77
57.75 23 7.38
57.75 25 5.93
57.75 27 4.94
57.75 29 2.05
57.75 31 2.58
57.75 33 13.39

TABLE V. Optical model parameters for 2*Mg+2Ne elastic
scattering.

Vo o a w I a’ roc

(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

38.0 1.190  0.642 10.0 1.146  0.659 1.20

summed deviation functions for each mass partition are
shown in Fig. 19, along with the appropriate Gaussian ap-
proximation for statistical fluctuations. Both mass partitions
have a cross-correlation frequency distribution N(C) with a
tail that extends to large positive values. The summed devia-
tion functions N(ZJ) are more symmetric about zero, but
both have a slight excess of large positive and negative val-
ues. As was discussed for the 23Si+2°Ne system, the fact that
the summed deviation function is symmetric about zero does
not rule out the existence of correlated structure. The results
of the frequency distributions are summarized in Table VII,
which also includes the means and standard deviations for
statistical fluctuations, and the results for the 2*Mg(**Mg,
HMg*)**Mg* [37] and the 28Si(*®Si,?3Si*)?8Si* [4] reac-
tions. The **Si+'%0 mass partition has a variance (o)
larger than that for 28Si(*%Si,2®Si*)?%Si*, but due to the
smaller number of excitation functions included in the statis-
tical analysis of the 28Si+!50 mass partition, the discrepancy
between the experimental and theoretical standard deviations
is not as pronounced as it is for the 28Si+28Si reaction.
Therefore, although resonance phenomena are present,
the results for both the 28Si+!°0 and 2*Mg+%’Ne exit
channels are qualitatively more similar to the 28Si+28Si [4]
and 28Si+2*Mg [5] results than they are to those for
2Mg+2*Mg [6].

VL. DISCUSSION OF RESULTS

Neither of the systems studied in this work manifests
resonance phenomena analagous to that observed in the
2*Mg+2*Mg system. The following discussion will concen-
trate on a reevaluation of the shape matching interpretation
of the molecular resonances in “3Cr in light of these new
experimental results, and will show that it need not be aban-
doned to account for the absence of similar structure in the
two systems studied in this work, as well as in other systems
studied in this mass region. As was discussed in the Intro-
duction, several models have been proposed to study the
properties of “®Cr at high spin and high excitation energy.
Here, only one of those models will be discussed in some
detail: the many-particle, many-hole Hartree-Fock formalism

TABLE VL Grazing angular momenta values for >*Mg+2°Ne
system.

Excitation energy Resonance

in “Ti spin lgr
(MeV) ) Mass partition (R)
53.02 - Mg+ Ne 25
53.02 25 88i+1%0 28
57.75 - 2Mg+2Ne 28
57.75 29 B3i+1%0 30
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FIG. 19. Frequency distributions for the cross-correlation and
summed deviation functions for the two mass partitions studied in
the 2*Mg+2"Ne system.

[31]. This is the only one that considers both of the compos-
ite nuclei studied in this work, and it was also used to study
the properties of “°Ca, >?Fe, and *°Ni at large deformations.
Those results are also included in this discussion. The 4m-
particle, 4n-hole description is with respect to a spherical
shell model formalism; therefore for all the Hartree-Fock
(HF) excited states taken from Ref. [31], the nucleons still
occupy the lowest energy single-particle states, but the
nucleus is highly deformed. As a general rule the excitation
energies of these Hartree-Fock excited states have an uncer-
tainty of a few MeV, but in the following discussion a review
of the Hartree-Fock calculations over a fairly large mass re-
gion will be presented, and the conclusions derived from the
systematic behavior of these calculations should have just a
weak dependence on the excitation energy uncertainties. In
this work we follow the notation used for the Hartree-Fock
calculations [31] that B, is the coefficient of the quadrupole
term in the expansion of the shape of the nucleus. Therefore
a spherical nucleus is characterized by B,=0.

The spin versus excitation energy dependence of the reso-
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nances observed in the **Mg+%*Mg [6,8] and the 28Si+
2831 systems [2] is plotted in Figs. 20 and 21, respectively.
The spin versus excitation energy dependence of the grazing
angular momenta for *Mg+2*Mg is also plotted in Fig. 20,
using the parameters listed in Ref. [8]. The resonance spins
for the structures observed in the 28Si+28Si system are con-
sistent with the grazing angular momenta for 28Si+28Si,
based on optical model calculations [2]. Also plotted in Figs.
20 and 21 is the spin versus excitation energy dependence of
the many-particle, many-hole states in the Hartree-Fock for-
malism [31]. The numbers of particles and holes used for
each Hartree-Fock curve are indicated. As is discussed pre-
viously and illustrated in Figs. 20 and 21, the Hartree-Fock
calculations reproduce the spin versus excitation energy de-
pendence for the resonances observed in the 23Si+28Si sys-
tem, but not for the ones in the **Mg+2*Mg system.

The curves plotted in Fig. 20 suggest that the states popu-
lated in the 2*Mg+2*Mg system have a very different mo-
ment of inertia (assuming a constant moment of inertia) and
a larger deformation than the B,=0.847 that was calculated
for the Hartree-Fock states. The other nuclear structure mod-
els [32—36] do not parametrize the deformation in terms of a
quadrupole expansion, but a comparison [37] of the shape of
a quadrupole expansion of “®Cr with the calculated shape
from the two-center shell model formalism [32] indicates the
agreement between these two representations is reasonable
for a quadrupole deformation of By=1.3. Therefore in this
discussion the deformation of the molecular resonances in
“8Cr will be assigned a constant value of Bo=1.3. Perhaps
the Hartree-Fock calculations would have yielded these ex-
cited states if a greater number of particle-hole excitations
were considered, such as 20p-12h or 24p-16h.

The spin versus excitation energy dependence of two
resonances observed in the 2*Mg+28Si system is plotted in
Fig. 22. Also plotted is the spin versus excitation energy
dependence for two Hartree-Fock spin sequences calculated
for >?Fe. The spins of the resonances observed in the 2*Mg
+28Si system differ from the values of the grazing angular
momenta [5] by only one unit of angular momenta, with one
resonance having a larger spin value than the grazing angular
momentum, the other a smaller spin value. Neither Hartree-
Fock band reproduces the slope of the line joining the data,
and it is not clear that these resonances are members of a
single band in >?Fe.

The predicted spin versus excitation energy dependence
of the grazing angular momenta of several mass partitions

TABLE VII. Summary of frequency distributions for the >*Mg+2°Ne system.

Reaction N Function ngp‘ Thheor Mexpt Miheor
2Mg* +2ONe* 5 C(E) 0.2465 0.1 0.1506 0
2Mg* +2"Ne* 5 G(E) 0.3204 0.2 1.657X1076 0
288j* 4 160 3 C(E) 0.5478 03 0.2117 0
28Gj# 4 160 3 NE) 0.4744 03 2.492x1077 0
Mg (Mg, “Mg*) Mg+ 5 C(E) 0.8793 0.1 0.423 0
Mg (**Mg, *Mg*)*Mg* 5 GAE) 0.5386 0.2 5.897x1077 0
2851 (2851, 28Si*) 285+ 5 C(E) 0.470 0.1 0.027 0
285i(%8si, 285i%) 28Si* 5 G(E) 0.429 0.2 -0.005 0
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FIG. 20. The spin assignments for the resonances observed in
the 2*Mg+2*Mg system are compared with the spins and excitation
energies of the Hartree-Fock calculations for “8Cr [31]. The quan-
tity By is the calculated quadrupole deformation of the Hartree-
Fock states. Also plotted is the spin versus excitation energy depen-
dence of the grazing angular momentum for >*Mg+2*Mg using the
parameters listed in Ref. [8].

for the °Ca [14] and “*Ti composite systems is shown in
Figs. 23 and 24, respectively. Also plotted in these figures is
the spin versus excitation energy dependence of [, +4 and
1,+3, respectively for the 2’Ne+2'Ne and *Mg+2’Ne en-
trance channels, and for the calculated many-particle, many-
hole states in the Hartree-Fock formalism [31]. The grazing
angular momentum values are based on optical model calcu-
lations using the parameters listed in Ref. [14] and Table V,
respectively. As was discussed previously, the resonances
that dominate the 2*Mg+2*Mg system have spin assignments
4fi larger than the /,, of the entrance channel. The /,.+4 and
lg+3 curves plotted in Figs. 23 and 24, respectively, indicate
that the excited states calculated in the Hartree-Fock formal-
ism have a similar relation to the entrance channels curves as
that observed between the **Mg+2*Mg entrance channel and
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FIG. 21. The spin assignments for the resonances observed in
the 8Si+28Si system are compared with the spins and excitation
energies of the Hartree-Fock calculations for *°Ni [31]. The quan-
tity By is the calculated quadrupole deformation of the Hartree-
Fock states.

T T T T T T T T
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FIG. 22. The spin assignments for the resonances observed in
the 2*Mg+28Si system are compared with the spins and excitation
energies of the Hartree-Fock calculations for >?Fe [31]. The quan-
tity By is the calculated quadrupole deformation of the Hartree-
Fock states for each rotational band. Also plotted is the grazing
angular momentum versus excitation energy dependence for the
24Mg+28Si mass partition using the parameters listed in Ref. [5].

the molecular configurations in “8Cr. However, for the
40Ca and **Ti systems, the Hartree-Fock states have smaller
deformations than the assumed B, = 1.3 of the molecular
states in “8Cr. This would suggest that the nuclear shapes for
the excited states in “’Ca and *Ti do not resemble the shape
of the molecular band in “8Cr, and that there is no strong
shape matching between the 2°Ne+2°Ne entrance channel
and the high spin states in “°Ca comparable to that observed
between 2*Mg+ 2*Mg and high spin states in “®Cr. A similar
conclusion is suggested for the 2*Mg+2°Ne entrance channel
and the high spin excited states in *Ti.

65}

Q
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)}
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Excitation 1n *°Ca (MeV)

N
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T

Lge+4: 2°Ne+2"Ne .
12p-12h, 8,=0.965

1 1 1 1 1 1 1 1 I 1

1
14 16 18 20 22J2&]26 28 30 32 34

FIG. 23. The calculated curves for the grazing angular momen-
tum versus excitation energy dependence of the 2°Ne+2°Ne and
2*Mg+'%0 mass partitions are compared with the spins and excita-
tion energies of the Hartree-Fock calculations for “°Ca [31]. The
quantity B is the calculated quadrupole deformation of the Hartree-
Fock states. The vertical arrows denote the region of excitation
energy studied to date.
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FIG. 24. The calculated curves for the grazing angular momen-
tum versus excitation energy dependence of the *Mg+%°Ne and
2881+ !%0 mass partitions are compared with the spins and excita-
tion energies of the Hartree-Fock calculations for *Ti [31]. The
quantity S is the calculated quadrupole deformation of the Hartree-
Fock states. The vertical arrows denote the region of excitation
energy studied to date.

The shape of the calculated Hartree-Fock states for “°Ca
and of the molecular states in “*Cr is plotted in Fig. 25,
which also plots the pole-to-pole touching configuration of
the Ne+?°Ne and **Mg+2**Mg entrance channels. The
plotted shapes of the excited states are the surfaces of the
nuclei in the sharp surface limit for a quadrupole expansion
given by R(0)=ry[1+ ByP,(cosh)]. The deformations of
2Ne and **Mg were derived from B(E2) transistions [45],
and are By = 0.335 and 0.278 for °Ne and **Mg, respec-
tively. In order to conserve the nuclear volume at large de-
formations, r;=0.95 fm was used for “®Cr and r,=1.035 fm
for *°Ca, which are determined by enforcing the constraint
ra[1+(3/5)B31=(1.2)> fm>. For both 2°Ne and **Mg, 1.2
fm was used for r. From this figure it is clear that the larger
deformation of the states in “3Cr greatly increases the shape
matching with the 2*Mg+2*Mg system. The ground state of
20Ne, has a slightly larger prolate deformation than does the
ground state of 2*Mg, which introduces an additional shape
mismatching. This shape mismatching could be the reason
that correlated resonance phenomena analagous to the “®Cr
resonances were not observed in 2°Ne+2Ne, 28Si+20Ne,
and **Mg+%'Ne, as well as other systems. In addition, the
alpha-cluster model of Rae and Merchant [34] indirectly sup-
ports this conclusion. Although neither “°Ca nor “*Ti has
been studied with this formalism, since neither A =40 nor

T T T T
dash:*8Cr, sol1d:?*Mg+2*Mg

—_ —

X (Fm)

FIG. 25. The assumed surfaces of the molecular resonance ex-
cited states in *®Cr and of the grazing pole-to-pole alignment of two
2*Mg nuclei are plotted, as are the the surfaces of the Hartree-Fock
excited states in “°Ca and the grazing pole-to-pole alignment of two
20Ne nuclei.

A =44 is “doubly magic” at the large deformations consid-
ered here, the alpha-cluster formalism suggests that neither
nucleus has hyperdeformed states analagous to the predicted
states in “®Cr.

A more complete understanding of the resonance phe-
nomena observed in this mass region requires more theoreti-
cal work than is reported here. The models that are currently
used to study the mass-symmetric 2*Mg+2*Mg system could
be used with some modification to study systems such as
20Ne+2Ne and *°Ca, and 28Si+?%Si and °Ni in more de-
tail, and the mass-asymmetric systems such as 28Si+2°Ne
could be studied using the asymmetric two-center shell
model formalism. In addition, the competition between reso-
nance behavior and fusion-fission mechanisms has been
studied for many composite systems in this mass region, in-
cluding “3Cr [46], and the results presented in this work
could be useful to future studies of such competition.
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